The homotetrameric DnaD protein is essential in low G+C content gram positive bacteria and is involved in replication initiation at oriC and re-start of collapsed replication forks. It interacts with the ubiquitously conserved bacterial master replication initiation protein DnaA at the oriC but structural and functional details of this interaction are lacking, thus contributing to our incomplete understanding of the molecular details that underpin replication initiation in bacteria. DnaD comprises N-terminal (DDBH1) and C-terminal (DDBH2) domains, with contradicting bacterial two-hybrid and yeast two-hybrid studies suggesting that either the former or the latter interact with DnaA, respectively. Using Nuclear Magnetic Resonance (NMR) we show that both DDBH1 and DDBH2 interact with the N-terminal domain I of DnaA and studied the DDBH2 interaction in structural detail by NMR. We revealed two families of conformations for the DDBH2-DnaA domain I complex and showed that the DnaA-interaction patch of DnaD is distinct from the DNA-interaction patch, suggesting that DnaD can bind simultaneously DNA and DnaA. Using sensitive single-molecule FRET techniques we revealed that DnaD remodels DnaA-DNA filaments consistent with stretching and/or untwisting. Furthermore, the DNA binding activity of DnaD is redundant for this filament remodelling. This in turn suggests that DnaA and DnaD are working collaboratively in the oriC to locally melt the DNA duplex during replication initiation. P.S.. M.P. is a PhD student partially funded
Introduction
Replicating and propagating genomes is the raison d'être of all biological systems. The assembly of an "orisome" at dedicated genome sites, known as chromosomal origins (oriC in bacteria), is a carefully choreographed and regulated process involving a variety of proteins collectively known as replication initiators (1) (2) (3) . Orisome assembly locally melts the oriC and facilitates loading of the replicative helicase and primase, the first and key step in the assembly of bidirectional replication forks (4-6). At a gross mechanistic level there are common features across all domains of life with replication initiation proteins phylogenetically related but molecular details have diverged considerably across different biological systems (1, 3) .
Origin recognition complex (ORC) and Cdc6 proteins play crucial roles in eukaryotic replication initiation whereas the ubiquitous, strictly conserved AAA+ DnaA protein is the replication initiator in bacteria (7-10). forming tetramers that can further assemble into higher order oligomers, and a C-terminal DDBH2 which binds DNA with better affinity for ss than dsDNA (28, 29). Binding DDBH2 alone to dsDNA causes untwisting (partial melting) of the double helix which becomes more extensive when the full-length DnaD protein binds to dsDNA (30, 31), extending B-form duplex DNA from its normal 10.5 bp per helical turn to 16 bp per turn (32).
The formation of nucleoprotein structures by DnaA and DnaD and their interaction provide the foundation for orisome assembly and initiation of DNA replication in Firmicutes. Yet the molecular details that underpin this process are still unknown. Here, we used protein NMR to reveal structural details of the Bacillus subtilis DnaA and DnaD interaction. We show that both the N-terminal DDBH1 and the C-terminal DDBH2 of DnaD interact with the N-terminal domain I of DnaA. The latter complex is much weaker and modelling with NMR restraints reveals two distinct but overlapping conformations. Combined with biochemical and single-molecule FRET (Fluorescence Resonance Energy Transfer) we also show that binding of DnaD to DnaA-DNA filaments induces conformational filament changes consistent with filament stretching/untwisting. The significance of this in terms of DnaD interacting with the DnaA-DnaD filament and orisome assembly is discussed.
Results

Identification of the interacting domains of DnaA and DnaD
Yeast-two hybrid studies revealed that deleting the C-terminal part of DnaD, residues 140-232, had no effect on its interaction with DnaA, but truncating the protein for a further seven residues to amino acid residue 133 abolished the interaction (33). This patch of seven amino acid residues is located at the N-terminal end of the C-terminal half of the DnaD protein (residues 129-232) also found in the DDBH2 (25). However, a recent bacterial two hybrid study contradicted this and showed that the DnaD DDBH1 (residues 1-128) and not the DDBH2 interacts with the N-terminal domain I (residues 1-82) of DnaA (34). The N-terminal domain I of DnaA also interacts with the replicative helicase (20, 21) and other client proteins involved in the regulation of replication initiation (16-19) and as part of a regulatory interaction hub, it may also be involved in the interaction with DnaD. In order to clarify this contradiction we cloned, recombinantly expressed and purified the domain I of DnaA and the DDBH1 and DDBH2 domains of DnaD in order to investigate their interactions and their significance (Suppl. Fig. S1 ).
As the DnaD DDBH1 has recently been reported to interact strongly with the DnaA domain I (34) we first tested this interaction by NMR. An HSQC titration of DnaD DDBH1 into 15 N-labelled DnaA domain I revealed significant broadening of the DnaA domain I backbone NH signals in a concentration dependent manner and recovery of the signal was not observed by a ratio of DnaA domain I:DnaD DDBH1 of 1:4 ( Fig. 1A) . This is strongly indicative of an interaction but extensive line broadening precluded a detailed NMR study.
In order to confirm that it is the domain I of DnaA that interacts with DnaD we utilised DnaA-DNA filaments which have been previously detected in vivo (35) and in vitro (36). In the latter case, cysteines were introduced at positions N191 and A198, and utilised to chemically cross-link neighbouring molecules within the DnaA-DNA filament using BMOE (bis-maleimido ethane).
Cross-linked DnaA species were then resolved by SDS-PAGE and visualised by western blotting.
The interaction of DnaD with the DnaA-DNA filaments abolished BMOE cross-linking of neighbouring DnaA molecules within the filament which was detected by the apparent disappearance of higher ordered cross-linked species. We argued that if domain I of DnaA interacts with DnaD it should then be able to sequester DnaD in this assay and alleviate the apparent inhibitory effect of DnaD on the chemical cross-linking of DnaA molecules.
To test this, we constructed the DnaA(N191C/A198C) mutant protein and repeated the BMOE cross-linking assays in the presence of increasing concentrations of DnaD and an 819 bp DNA fragment containing the half origin with the DUE and four DnaA-boxes between the dnaA and dnaN genes (Suppl. Fig. S2 and S3 ). Higher order DnaA filaments induced by binding to DNA were clearly visible which disappeared at higher concentrations of DnaD ( Fig. 1B) . Increasing concentrations of DnaA domain I sequestered DnaD and restored the appearance of higher order DnaA-DNA filaments, indirectly suggesting that it is the domain I of DnaA that interacts with DnaD ( Fig. 1C) . In order to investigate whether the DnaD DDBH2 also interacts with the DnaA domain I and precisely map the interaction interfaces of the two proteins we utilised protein NMR techniques.
NMR analysis of the N-terminal DnaA domain I and mapping of the interaction interface with
DnaD
The DnaA domain I (residues 1-81) was 13 C/ 15 N isotopically labelled and a range of 2D and 3D
heteronuclear NMR experiments at 800 MHz (see methods) allowed 97% of the non-prolyl residues of the DnaA domain I amide backbone to be assigned. The detailed backbone assignment provided the basis for mapping the interaction surface of DnaA using chemical shift perturbation (CSP) effects.
Unlabelled DnaD DDBH2 domain was titrated into a 15 N-labelled sample of DnaA domain I (100 μM) up to an 8:1 excess and the binding interaction monitored incrementally in 2D 1 H/ 15 N HSQC spectra. Statistically significant perturbations for nine residues within the DnaA domain I were observed ( Fig. 2A and Suppl. Fig. S4 ). The effects were mapped to the protein surface and found to correspond to a well-defined binding patch on one face of the domain, with residues clustered into three groups: Lys17, Ser20 and Ser23 located at the interface between the Cterminus of helix The DDBH2 domain of DnaD is involved in DNA binding (29-31). The conserved motif YxxxIxxxW (Y 180 IDRI 184 LFEW 188 ) along with a region of the unstructured C-terminus (residues 206-215) appear to be essential for DNA binding (25). At the origin of replication, both proteins bind to each other and function to remodel the DNA for replication initiation (2). DnaD can bind both ds and ss DNA, but with a higher affinity for the latter. Consequently, a short 10-mer of ssDNA (5'-GTTATTGCTC) previously used in DnaD-DNA binding studies (25) was selected for studies of the tertiary interaction by NMR. We repeated the titration of unlabelled DnaD DDBH2 domain with 15 Nlabelled DnaA domain I under identical conditions, but in the presence of an 8-fold excess of ssDNA (800μM). Selective CSP effects mapped to a similar binding patch on DnaA with the cluster of residues Glu48, Phe49, Asp52, Trp53, Leu54, and Ser56, located on helix α 3 helix, along with Ser23 on helix α 2 ( Fig. 2C and Suppl. Fig. S5 ). Significant CSPs were also observed for Thr70 at the C-terminus of helix α 4, and Leu41 located on the 
Identification of the DnaA interaction patch on 15 N-labelled DnaD
We have previously described the assignment of the backbone of the DnaD DDBH2 domain using a similar methodology to that already described (25). The reverse titration of unlabelled DnaA domain I into a 15 N-labelled DnaD DDBH2 domain (100 μ M) up to an 8:1 excess now enabled us to map the complementary binding surface on DnaD DDBH2, using the same CSP methodology. A contiguous binding patch of nine residues on the DnaD DDBH2 domain was identified within the structured N-terminal region and involved two clusters of residues (Fig. 3A, B and Suppl. Fig. S7 ).
The first of these, involved Leu129, Tyr130, Ile132, Phe133, Glu134, and Glu135 located on helix showed CSP effects but are not surface exposed and hence perturbations may arise from small sidechain repacking associated with allosteric effects during the interaction. An averaged K D = 665±251 μM calculated from the NMR titration data for a number of well-resolved residues (I132, V171, E135, Y130, E134) is fully consistent with the earlier estimate.
The ternary complex of DnaA-DnaD interaction was further investigated using ssDNA (5'-GTTATTGCTC) in 8-fold excess. The addition of ssDNA to the experiment produced poorer quality HSQC spectra with weaker and broadened peaks displaying increased overlap between backbone amide residues (Suppl. Fig. S8 ). In particular, peaks corresponding to the unstructured C-terminal region of the domain were affected, and consequently certain amide resonances were excluded from the CSP analysis. Despite the poorer spectral resolution, two clusters of residues were observed; Tyr130, Ile132, Phe133 and Glu134 located on helix α 1, and residues His165, Glu169
and Val171 in helix α 3 ( Fig. 3C, D) . These are very similar to the residues identified in the equivalent CSP analysis in the absence of ssDNA (compare Fig. 2C , D with 3C, D).
A model of the DnaA NTD-DnaD DDBH2 complex
Although the structure of B. subtilis DnaA domain I was solved by X-ray crystallography The DnaA domain I and DnaD DDBH2 structures and the two best-fit clusters to the NMR restraints are displayed in Fig. 4 . Both clusters provide a DnaA binding interface distinct to the DNA binding patch within the DnaD DDBH2 domain. Of the 11 AIR restraints input for DnaA domain I, 8 and 9 were identified as interface residues within clusters 1 and 2 respectively, and of the 7 AIR restraints input for the DnaD DDBH2 domain, 5 were identified as interface residues for each cluster (Suppl . Table S2 ). The interaction surfaces of the individual clusters show overlap and the difference between the models can be accounted for by an approximated movement, for the DnaD DDBH2 domain, of 30 Å distance along an axis of rotation ( Fig. 4A, B) . The top clusters produced similar parameter scores which precluded the possibility of reliable discrimination between the two models. Moreover, we cannot eliminate the possibility that the two clusters represent distinct conformations of the complex in equilibrium in solution. Interestingly, neither cluster overlaps with the YxxxIxxxW motif and the F206-E215 region that have been shown previously to mediate the interaction of DnaD DDBH2 with ssDNA (25). This implies that DnaD is able to bind simultaneously the DnaA domain I and ssDNA.
The interaction of DnaD with the DnaA-DNA filament induces filament untwisting
The abolition of BMOE-mediated cross-linking of higher order DnaA species within the DnaA-DNA filament in the presence of DnaD has been interpreted before as inhibition of filament formation by DnaD (36). However, an alternative interpretation of these data is that when DnaD interacts with the DnaA-DNA filament causing a conformational change that moves the N191C and A198C residues of adjacent DnaA molecules along the filament further away from each other preventing their physical crosslinking. The BMOE spacer is ~8 Å and any conformational change that moves N191C and A198C residues away from each other at a distance greater than 8 Å will prevent their BMOE-mediated cross-linking which could be mis-interpreted as inhibition of filament formation. In order to verify whether DnaD inhibits the formation of DnaA-DNA filaments we utilised singlemolecule FRET experiments with N191C and A198C single mutant proteins fluorescently labelled with the FRET pair Cy3B and Atto647N. We hypothesized that if DnaD inhibits the formation of DnaA-DNA filaments there will be no detectable FRET in the presence of DnaD but if DnaD affects the conformation of the DnaA-DNA filaments then the FRET signal will be affected and FRET efficiency will be reduced but not abolished.
We used a model of a mini DnaA-DNA filament with four DnaA molecules reported before (37) to assess the interatomic distances of residues N191C and A198C within the filament and the feasibility of FRET experiments using these residues (Suppl. Fig. S2 ). Our modelling suggested that the interatomic distances are more appropriate for FRET with the N191C mutant protein and using a molar ratio of 1:1:2 DnaAN191CCy3B: DnaAN191CAtto647N:DnaAN191C should give us on average two labels per four DnaA molecules within the filament. In order to verify this, we constructed both DnaA N191C and A198C single mutant proteins and carried out FRET experiments to detect filament formation and compare FRET efficiencies between the two mutant proteins. FRET could be detected with both mutant proteins in the presence of ATP and DNA but it was somewhat better defined with DnaAN191C compared to DnaAA198C consistent with our modelling ( Fig. 5A and B) . A small, high-FRET population could also be observed in the absence of ATP or DNA which is consistent with a tendency of DnaA molecules to weakly associate with each other (Fig. 5C) .
smFRET experiments were then carried out in the presence of DnaD (24 µM) added to the DNA either before or after the addition of DnaA in order to assess the effect of DnaD on the formation of DnaA-DNA filaments and also the effect of DnaD on pre-formed DnaA-DNA filaments ( Fig. 5D-F) . In the absence of DnaD high-FRET populations were detected with E*~0.7 ( Fig. 5D) whereas in the presence of DnaD, either before or after the addition of DnaA, the FRET efficiency was shifted to E*~0.5 (Fig. 5E, F) This suggests that both DnaD and DnaD196 untwist the filament to a similar extend ( Fig. 6A-C) and therefore DnaD binding to DNA around the outside of the filament is not required for this DnaD-mediated conformational change to occur.
Interestingly, the DnaD DDBH2 on its own, which retains its ability to interact with the domain I of DnaA and DNA but lacks the scaffold-forming N-terminal domain (DDBH1) of DnaD (28, 29), also affected the conformation of the DnaA-DNA filament since the FRET efficiency shifted from E*~0.7 in its absence to E*~0.6 in its presence (compare Fig. 6A and D) . This is somewhat different than the E*~0.5-value apparent in the presence of full length DnaD or DnaD196 (compare Fig. 6B, C with D) , suggesting that DDBH2 can also induce a conformational change of the DnaA-DNA filament but smaller than that observed in the presence of full-length DnaD or DnaD196. However, the interaction of DDBH2 with the DnaA domain I was studied in detail by NMR and HADDOCK modelling using the experimental restraints from the CSP analysis of the NMR data and revealed two possible overlapping, but distinct, families of conformations (Fig. 4) . In addition, the importance of the DDBH1 WH (Wing Helix) motif for the DnaD-DnaA interaction 1 0 suggest that this interaction has an extensive interface encompassing both the DDBH1 and DDBH2 domains with two slightly different conformations. In the context of the native DnaD protein which forms a core tetramer mediated via DDBH1 interactions (28), the interaction with DnaA will involve both the core DDBH1 tetramer and the individual DDBH2 domains likely projecting out of the core DDBH1 tetramer. Interestingly, the interactions of DnaD with DnaA and ssDNA appear to involve separate patches that do not overlap with each other, suggesting that DnaD can potentially bind simultaneously to both ssDNA and DnaA.
Discussion
The DDBH1 and DDBH2 interaction patches on DnaA domain I overlap
The DnaA-interaction patch of DDBH2 contained residues (F133, E134 and E135) within the amino acid region 133-140 that was previously identified as essential by yeast two hybrid analysis (33). This region appears to be part of a wider interaction patch extending to residues L129, Y130, K164, E169, V171 and H165 (Fig. 3) . In the recent bacterial two hybrid analysis residues F49, W27 and T26 of DnaA domain I were identified as important for the interaction with the DDBH1 (34). Our data revealed a more extended network of residues in the DnaA domain I that are involved in the interaction with the DDBH2 encompassing residues K17, S20, S23, F49, A50, D52, E55, W53 and H60 (Fig. 2) , with F49 identified by both studies. Furthermore, residue T26 was also identified by our study in the interaction of the truncated DDBH2 (residues 129-196) with the DnaA domain I (Fig. 2E) . Therefore, it appears that the interactions of the DDBH1 and DDBH2 domains with the DnaA domain I involve overlapping patches.
DnaD-mediated stretching/untwisting of the DnaA-DNA filament
Critically, the interaction of full-length DnaD with DnaA appears to be cryptic and could not be detected by bacterial two hybrid (34) suggesting that DnaD conformational changes are required to render it competent to bind DnaA. However, we and others were able to detect an interaction of full-length DnaD with DnaA-DNA filaments using single molecule FRET and/or a BMOE-mediated cross-linking technique (this study and 36). One possibility could be that, in the context of DnaA-DNA filaments, DnaD conformational changes may result from its initial interaction with the DNA which then render it competent to simultaneously bind to DnaA thus inducing filament untwisting. However, our single molecule FRET studies revealed that DnaD196, which still forms tetramers but lacks the C-terminal residues 197-232 and is incompetent in binding DNA (25), was able to untwist the DnaA-DNA helix equally well as the full-length DnaD (Fig. 6A-C) , suggesting that DnaD binding to DNA is not required to untwist the filament. Therefore, the filament untwisting is likely the result of a DnaD-induced conformational change of the DnaA filament which stretches and untwists the DNA wrapped around the outside of the DnaA filament.
Interestingly, the DDBH2 domain was also able to untwist the filament but to a lesser extent than full-length DnaD (Fig. 6A-D) , suggesting that either the DDBH1 domain also contributes to the DnaA filament untwisting or a DnaD tetramer is required to fully untwist the filament. Full-length (Fig. 7) . SirA binding could sterically hinder the DnaA-DnaD interaction to prevent re-initiation of DNA replication in B. subtilis cells committed to sporulation. It has been suggested before that SirA may inhibit the DnaA-DnaD interaction arresting assembly of the initiation complex (15, 38) . This is consistent with our data and suggests that DnaD has a positive role during replication initiation as opposed to the negative regulatory role suggest by others (39). Therefore, SirA and DnaD achieve opposing regulatory functions via interactions with the same structural site on DnaA. This was followed by size exclusion chromatography using a Superdex 75 26/60 column (50 mM potassium phosphate, 100 mM NaCl, pH 7.4) as the final purification stage. DnaA constructs were desalted into pure MilliQ-water and lyophilised for storage whereas DnaD constructs were frozen in solution.
2
Methods
Cloning, Expression and Purification
NMR Spectroscopy
NMR experiments were recorded at 25°C on a Bruker 800 MHz Avance III spectrometer with a QCI cryoprobe. Data acquisition and processing were carried out using Topspin 3. Backbone assignment was facilitated through selective unlabelling experiments to resolve some spectral ambiguities, signal overlap and exclude particular reside types from the 15 N HSQC spectra. This approach was successful for unlabelling of lysine, arginine, asparagine, and histidine residues. Similarly, to aid assignment, single point mutations of a number of surface exposed residues (S75A, T26A, G38A, S56A, E68N, S23A) were used to locally perturb signals in the 15 N HADDOCK docking protocol consists of rigid-body docking, semi-flexible refinement, and final refinement in explicit solvent. Ambiguous interaction restraints (AIRs) were generated prior to running HADDOCK, these used experimental data, such as NMR CSP data, to define 'active' residues (experimentally derived and solvent accessible), and 'passive' residues (solvent accessible residues neighbouring active residues). To account for errors in the definition of active and passive residues, HADDOCK allows the random deletion of a fraction of the restraints for each docking run. Subsequently, multiple runs using the same AIR input were used to prevent bias. The HADDOCK score given to output models was a weighted sum of intermolecular electrostatics, van der Waals, desolvation, and AIR restraints. A z-score was also given which represents how many standard deviations the HADDOCK score of a given cluster is away from the mean of all clusters.
Multiple HADDOCK runs were undertaken using the AIR restraints shown in the Suppl. Table S1 .
Initially, restraint inputs that were varied to confirm output models were not purely driven by energy forces (electrostatics, hydrophobics, Van der Waals). Using identical AIR inputs for 10 HADDOCK runs, 162 structures in 13 clusters were generated. The clusters were then analysed to select the best models to fit with experimental restraints provided by the CSP data.
4
Formation of DnaA-DNA filaments
DnaA-DNA filaments were formed using the DnaA(N191C/A198C) mutant protein and 819 bp DNA fragment containing the half origin with the DUE and four DnaA-boxes between the dnaA and dnaN genes (Suppl. Fig. S2 and S3 ) as described before (36). Briefly, 1.5 μM DnaA(N191C/A198C) was incubated with 3 nM DNA, representing 500:1 molar ratio of DnaA:DNA at 37°C for 15 mins, in 25 mM HEPES pH 7.6, 200 mM NaCl, 100 mM potassium glutamate, 10 mM MgCl 2 and 2 mM ATP. BMOE (2 mM) was then added and the mixture was incubated at 37°C for an additional 5 mins before the addition of cysteine (50 mM) to quench the cross-linking reaction for 5 mins. Proteins were then resolved through SDS-PAGE and visualised via Coomassie staining. Experiments were carried out in the presence and absence of DnaA domain I, as indicated.
Fluorescent Labelling of DnaA
Single cysteine DnaA mutants N191C and A198C were labelled with each of the Atto647Nmaleimide and Cy3B-maleimide dyes. Atto647N-maleimide or Cy3B-maleimide (10 mM in DMSO) was added dropwise at 10 x molar excess to proteins DnaA N191C and DnaA N198C in 50 mM Tris pH 7.5, 100 mM NaCl. The reaction mixture was flushed with nitrogen and the reaction was left to proceed overnight at 4°C with rotation mixing, prior to being quenched with 1 mM DTT. The reactive dyes were shielded from direct light throughout the labelling procedure. Atto647N-labelled and Cy3B labelled DnaA N191C and DnaA A19C were seperated from excess fluorescent dyes by extensive dialysis overnight at 4°C (into an appropriate buffer) was repeated until no further excess dye molecules were present in the exchanged buffer.
Single-molecule FRET experiments
Single-molecule FRET measurements were performed at room temperature using a home-built confocal microscope (as previously described 42). Briefly, the microscope operated with 20 kHz alternating-laser excitation between a 532-nm (Samba, Cobolt, operated at 240 
Oligonucleotides
Oligonucleotides used for protein cloning are shown in Suppl. Fig. S11 . Oligonucleotides used for mutagenesis of DnaA domain I during NMR structure determination are shown in Suppl. Fig. S12 .
Protein mutagenesis was carried out with the New England Biolabs Q5 site directed mutagenesis kit, as described by the manufacturer. 
